Project ABLE.  Volume 2:  Technical addendum 1 by unknown
Project 
FINAL REPORT (U) 
Contract NAS8-20668 
Volume II- TECHNICAL 
ADDENDUM I 
Prepared for George C. Marshall Space Flight Center by 
GOODYEAR AEROSPACE CORPORATION AKRON, OHIO 
( CLASSIFICATION CHANGEI 
2 authority of T.D/. No. '- ' GER-12885 
0anged b n, z- 144 ata_ Z/ , 1December 1966 
Copy No. 16 
ACCESSION UMBER) 	 (THRU) 
1 l'n,27-7:73.21)(NAS-A-CRL149529) PROJECT ABLE. VOLUME 2. 
'
 TECHNIGAL-, )ADNDUff7lnal,Report'.(Goodyear..-'1 
IAerospace Corp) 40'po ,-":­
(I~~ 8q,~.QP&1____k_______ 
T REPRODUCEDNATIONALBY TECHNICAL 
INFORMATION SERVICE 
U S. 	DEPARTMENT OF COMMERCE 
SPRINGFIELD, VA. 22161 
https://ntrs.nasa.gov/search.jsp?R=19770071991 2020-03-11T19:20:51+00:00Z
NARM8pU~t~b.LWI 
GOODYEAR AEROSPACE
 
CORPORATION 
AKRON 15, OHIO 
PROJECT ABLE 
FINAL REPORT (XFr 
Volume II - Technical Addendum I .,) 
Section V Paragraph 4 Attitude-Sensing Systems 
GER-12885 1 Dece -be-r-l966 
This Addendum consists of 41 pages numbered as fol­
lows: i through vi and 7F.irough V-41. 
oac-/S-3-76
 
VOL II 
GER- 12885 
Addendum I
 
FOREWORD
 
Goodyear Aerospace Corporation's final report for Project 
ABLE consists of two volumes plus an addendum to Volume 
II as follows: 
Volume I - Summary (Confidential)
 
Volume II - Technical (Confidential)
 
Volume II - Technical - Addendum I (Secret)
 
Volume IUAddendum I which contains Section V Paragraph 
4 "Attitude-Sensing Systems" and carries a Secret classifi­
cation has been put under separate cover so that the major 
portion of Volume II could maintain a Confidential classifi­
cation. 
The work reported was done under Contract NAS8-20668 
for George C. Marshall Space Flight Center, Huntsville, 
Alabama. 
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NOTE 
The material preceeding and following this subsection will be found in 
Volume II of GER-12885. 
4. ATTITUDE-SENSING SYSTEMS 
a. Interferometer Attitude-Sensing 
(1) Introduction 
Attitude may be measured onboard the orbiting reflector by a 
radio interferometric technique. This requires a beacon trans­
mitter on the ground radiating over a wide angle and an attitude­
sensing interferometer system in the satellite. This system 
requires only a low-power unmodulated signal on the ground for 
the beacon with all the attitude sensing being performed onboard 
the satellite independent of any other ground stations or data 
links. Figure V-2 shows the relative disposition of the beacon 
transmitter and orbiting reflector carrying the interferometer. 
This illustrates the antenna coverage requirements. Inter­
ferometers are on the reflector's orthogonal axes. Two ortho­
gonal baselines comprise the minimum interferometer attitude 
sensor.
 
The placement of one baseline, one axis only, on the torus rim 
is shown in Figure V-3. The baseline is made up of four circu­
larly polarized wide-angle antennas. The proposed baseline 
spacing is 32 wavelengths, 4 wavelengths, and 4-1/Z wave­
lengths. A i/2 wavelength spacing is synthesized from the 4 
and 4-1/2 wavelength pairs. In the same illustration, a phase­
reference transmitter with nondirectional antenna is shown at 
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Figure V-3 - Antenna Placement on Torus Rim for One Axis and One Baseline 
V-8 
VOL II 
SECTION V - ATTITUDE-CONTROL SYSTEM GER-12885 
Addendum 1 
the center of the reflector. This is to stabilize the interferome­
ter electrically despite (1) variations in antenna baselength and 
(2) differential phase shifts in the electrical systems. 
The placement of the precision 32-wavelength baselines on the 
reflecting surface is shown in Figure V-4(A). These are sur­
face-monitoring baselines to determine the best-fit plane of the 
reflecting surface. Only the 32-wavelength baselines are placed 
on the surface; the ambiguity resolution is accomplished by ref­
erence to the primary attitude-interferometer system. The 
most economically implemented surface monitor results when 
the surface monitors are placed on one of the major axes of the 
orbital reflector and at right angles to the axis. The surface 
monitors use the same reference signal as the primary attitude­
interferometer system. A higher resolution surface-monitoring 
arrangement is shown in Figure V-4(B) with redundant primary 
interferometers to increase reliability. The surface monitors 
provide redundant information to back up the fine baseline on 
the primary axis attitude sensors. The reliability enhancement 
feature of the interferometer is one of its major assets. The 
economic feasibility of monitoring the reflecting surface is an 
additional asset of the interferometer system. 
(2) Interferometer Design Factors 
Factors considered in the determination of the system parame­
ters of the phase interferometer attitude sensors were antenna 
gains, distance from ground to satellite, wavelength, noise, and 
the required signal-to-noise ratio. The factors determining the 
required receiver power are 
T o = 290 deg K, 
BW = 0.01 Hz, 
NF = 4 db, 
S/N = 31 db. 
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Figure V-4 - Surface Monitor and Redundant Primary Axis Interferometers 
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The required receiver power would be -197 dbw. With the fol­
lowing factors affecting the received power level, 
R = 1.2 X 108 ft, 
' = 13.7 cm, 
G T = 8db, 
GR = 3 db, and 
PT = 25 w, 
the required receiver power level is attained with an allowance 
of 3 db loss for off-axis antenna operation, and ll-db contin­
gency allowance. 
Elevation angle error due to refraction by the atmosphere was 
evaluated. Due to the geometry of attitude determination on­
board the satellite, the elevation angle error due to refraction 
is negligible. 
The antenna noise temperature will increase for 300 MHz versus 
Z300 MHz operating. This will be accommodated within the con­
tingency allowance. If the final design indicates the receiver 
antenna pattern will include the sun, the beam must be narrowed 
or a greater noise allowance made. 
The peak radial velocity is 900 fps. If the beacon frequency is 
ZZ00 MHz, the doppler shift is Z010 Hz. This does not impose 
a severe requirement on the AFC. 
The performance of two alternate phase-interferometer attitude 
sensors is shown in Table V-l. The independent variable is 
beacon frequency with other system parameters adjusted to main­
tain a constant external performance characteristic. Antenna 
diameter is the diameter of a circumscribed circle for noncircu­
lar antennas, otherwise the diameter of the actual antenna. The 
V-11 
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TABLE V-I - PHASE INTERFEROMETER ATTITUDE-SENSOR 
SYSTEMS PARAMETERS 
Frequency 
(MHz) Parameter Characteristic 
ZZ00 Accuracy in direction cosine I in. 104 
Wavelength 13. 6 cm 
Transmitter power 25 w 
Transmitter anterna gain 0 db 
Polarization Circular 
Antenna diameter 3 in. 
Receiver antenna 0 db 
32-A baseline 13.5 ft 
Servo bandwidth 0.01 Hz 
Response time 16 sec 
Contingency allowance 11 db 
300 Accuracy in direction cosine 1 in. 10 
4 
Wavelength 100 cm 
Transmitter power 7 w 
Transmitter antenna gain 0 db 
Antenna diameter 20 in. 
Receiver antenna 0 db 
32-A baseline 98 ft 
Servo bandwidth 0. 01 Hz 
Response time 16 sec 
Contingency allowance 15 db 
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axial length of the antenna will be a function of the permissible 
beam narrowing for the purpose of increasing gain. The base­
line length for the receiver antennas is significant for baseline 
stability and averaging span. The servo bandwidth is deter­
mined by tracking filters. The response time, an implicit func­
tion of servo bandwidth, is more than adequate for the control 
requirements. 
A ground-based beacon configuration is shown in Figure V-5 as 
a typical example of what the equipment is expected to be in 
terms of portability. This is the minimal beacon without a 
countermeasures capability. 
A block diagram of the interferometer attitude system is shown 
in Figure V-6. This is for one baseline 'only; other baselines 
would be identical. The 32-wavelength baseline such as would 
be used for a surface monitor would be a simplified version of 
this system. 
(3) Ambiguity Resolution 
The 32-wavelength baseline interferometer measures direction 
cosine by converting the space coefficient to an electrical angle. 
This is in accord with 
X 27rncosa-= 
where cos a is the direction cosine, X is the wavelength, 0 is 
the electrical angle, and n is an integer. The length of the base­
line is chosen to match the desired accuracy in cos a with the 
available accuracy in the measurement of $. When S = 32 
n varies from +31 to -32, which includes 64 different values. 
The value of n represents an ambiguity in the determination of 
cos a. The ambiguity must be resolved with a shorter baseline 
interferometer. The shorter baseline must be long enough to 
have an accuracy in direction cosine that overlaps the ambiguity 
V-13 
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Figure V-5 - Concept of Ground-Based Beacon Configuration 
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-Figure V-6 - Simplified Block Diagram of Interferometer Attitude System 
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of the longer baseline. Thus the choice of baseline lengths is 
determined by accuracy and ambiguity. The sufficiency of the 
3Z- , 4-, and 0.5-A baselines is shown in Table V-Z. 
TABLE V-Z - LIMITS ON THE RESOLUTION OF 
DIRECTION COSINE 
Limits on resolution 
Baseline (k) 
Due to inaccuracy 
of I= 1 deg Due to ambiguity 
32 0.000087 ±:0.0156 
4 0.000695 :h0. 125 
0.5 0.00555 :1 
The direction cosine can be expressed as a signed five-digit deci­
mal number. The digits that can be determined by each baseline 
are established by the baseline resolution limits (see Figure V-7). 
cos a = ± X X X X x 
0.5 A t 
Figure V-7 - Utility of Each Baseline in Determining Direction 
Cosine Decimal Form 
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b. Ground-Based FM Attitude-Sensing System 
In the ground-based FM attitude-sensing system, the primary atti­
tude control signals are generated on the ground. At least three 
satellite FM transmitters are employed with receivers on the ground. 
A solar tracker is employed and its gimbal axes displacements are 
telemetered to the ground. A ground-based computer determines 
attitude thruster commands. An up-down data and command link is 
necessary with this approach. This system offers the possibility of 
using additional a priori information to good advantage. It i-s shown 
in block diagram form in Figure V-8, and in an artist's conception 
in Figure V-9. 
The resolving power of the FM attitude sensor may be made much 
more than sufficient for the control system requirements. With the 
FM attitude sensor, consine a is measured to I part in 10, 000 by 
selection of appropriate FM modulation deviation to provide the 
ORBITAL SYS'TEM 
TRANSMITTER 
AND ANTENNAS 
(4) 
ANTENNA 

AND 

RECEIVER 
TWO-AXIS
 
SOLAR
 
TRACKER 
DATAUP'DOWN 
AND COMMAND 
LINK 
CONTROL GROUND 
LINK 
IA 
ATTITUDE 
CONTROL 
THRUSTERS 
SYSTEM 
SUN LINE 
_ SATELLITE POSITION 
COMPUTER 	 ILLUMINATED AREA POSITION 
CONTROL LAWS 
ORBITAL ELEMENTS 
Figure V-8 - Simplified Block Diagram of Ground-Based FM 
Attitude -Sensing System 
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Figure V-9 - Concept of Solar Tracker and Four-Frequency FM 
Interferometer Attitude-Control System 
required sensitivity in difference frequency measurement. The 
equation for frequency difference for attitude-sensing systems is 
fd
 
cos a = -- - 1 
FM L 
where 
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L = baseline length, 
=fd measured difference frequency, 
FM = maximum FM deviation frequency, and 
T = time period of the FM modulation. 
The biasing term -1 is introduced by the delay in transmission 
across the distance L for both the pitch and roll axes radiation 
sources. The measured difference frequency is the parameter in 
cycles per second from which cosine a is computed from the above 
equation. Attitude-sensing parameters and anticipated performance 
data were given previously. 
The ground-based FM attitude-sensing system functionally deter­
mines attitude in a manner similar to that of the orbital system. 
The main difference is that the FM radiation is performed at the 
satellite instead of at the ground terminal. All receiving and atti­
tude measurements are performed by the ground terminal equipment. 
This eliminates the necessity of relaying back to the ground terminal, 
by data link, the difference frequency proportional to attitude for 
each axis. 
Figure V-10 illustrates the transmission system required for each 
attitude channel. The transmitting antennas are located at the same 
point on the satellite torus ring as in the orbital-based system. Each 
attitude axis radiates only on command from the ground-control data 
link and the rate of transmission is the same as in the ground trans­
mission case. Per Figure V-10, an FM oscillator and RF power 
amplifier and antenna are required at points X and Y . The X 
and Y0 signals are RF linked to X1 and Y1 points and the X and YI 
FM frequency is offset 70 MHz by a 70-MHz oscillator and balanced 
modulator. The resulting Z070-MHz signal is amplified and filtered 
to eliminate the lower sideband at 1930 MHz before transmission. 
V-18 
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Figure V-10 - Simplified Block Diagram of Satellite Transmission System 
The following parameters define the requirements for the satellite 
transmitters and antennas: 
Antenna gain 0 db 
Transmitter power peak Z50 w/carrier/channel 
Transmitter power average Z. 5 w/carrier/channel 
Duty factor 0.01 
FM deviation rate 1010 
FM period 10 - 3 sec 
FM maximum deviation 10 MHz 
FM deviation tolerance 1/20, 000 
The transmitter waveforms at 2070 and 2000 MHz are the same as 
transmitted from the ground for the orbital system. 
As shown in Figure V-1i, the ground system receives the two FM 
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FM RECEIVING 
2000 MIu~Z+FM RF SL70MZ SN 
2070 MHz- - DETECTOR DETECTORAMpLIFiER ck 
RSA
AZI THEEAION] 
x-Y SOLAR fD +10 KC/ 
CONTROL DATA
 
COMMAND [ ]1 DR 
Attitude-Sensing and Control System 
carriers for each axis and computes the direction cosines from the 
measured difference frequency, fd" The equipment consists of a 
high-gain antenna servoed to track the satellite to maintain the steady 
reception of the FM carriers during pitch and roll attitude measure­
m ent. 
The RF and IF components required include a 70. 01-MVHz crystal 
oscillator for demodulation and detection of fd at a 10 KHz-offset fre­
quency. Attitude and control signals are generated using the samne 
technique as the orbital-based system. The parameters required for 
performance are similar to that of the orbital system: 
Antenna diameter 20 ft 
Antenna gain 40 db 
Antenna beam angle 1.73 deg 
V-20 
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Azimuth scan angle 360 deg 
Elevation scan angle ±60 deg 
Receiver noise figure 8 db 
Receiver bandwidth 10 MHz 
Receiver noise improvement 
figure Z0 db 
Receiver AGC required Yes 
c. Orbital-Based FM Attitude-Sensing System 
(1) Ground Terminal 
The ground terminal system shown in Figure V-lZ will provide 
the necessary transmitting and receiving signals for attitude 
GROUND 
ANTENNA FM TO 
SATELLITE 
REFERENCE DRIV SERVO 
OSCILLATOR 
35I MH 00 HP ELEVATION 0 
CRYSTAL BAL DSB RF POWER Z+F EV 
OSCILLATOR MODULATOR AMPLIFIER 2070 MHZ + FM 
X-Y SOLAR 
 ATTITUDE 
PROGRAM TRACKING DATA FROM 
CONTROL DATA/ 
 SATELLITE 
OUNTER X-Y ATTITUDE GROUND TERMINAL 
THRUST AND DATA RECEIVER DATA-LINK RECEIVER 
LIK COMPUTER DECODER ANTENNA 
DIRECTION COSINES 
Figure V-12 - Simplified Block Diagram of Ground Terminal 
Attitude-Data Processing and Control System 
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sensing for the FM implementation where the FM radiating 
source is from the ground to the satellite. The receiving and 
data collection is performed in the satellite; attitude raw data 
(fd' the difference frequency) is sent back to the ground system 
via the down-data link. The direction cosine angles for pitch 
and roll attitude are computed by the ground system. The atti­
tude data for the pitch and roll axes are obtained separately in 
time by program control through the up-command data link. 
The information rate for each channel of attitude data is 1 bit 
every 3 sec. 
The ground transmitter provides two FM carriers, one at 2000 
MHz plus FM and the other at 2070 MHz plus FM, to provide a 
coherent IF frequency of 70 MHz for the satellite receiving 
equipment. The difference frequency due to attitude is the beat 
frequency between the two FM carriers at 70 MHz. In this sys­
tem, the up and down data links are time-shared with solar sen­
sor attitude data, thrust commands, etc. 
Antenna parameters and transmitter power have been selected 
to provide a 20-db signal-to-noise ratio at the satellite receivers. 
The parameters defining the requirements for the ground trans­
mitter and antenna subsystem are listed in Table V-3. 
TABLE V-3 - PARAMETERS FOR ORBITAL-BASED 
FM ATTITUDE SENSOR 
Item Characteristic 
Antenna gain 
Antenna 
Transmitted 
Transmitter 
Duty factor 
diam
power peak 
power average 
eter 
40 db 
ZO ft 
Z50 w 
2. 5 w 
0.01 
V-2Z
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TABLE V-3 - PARAMETERS FOR ORBITAL-BASED
 
FM ATTITUDE SENSOR (Continued)
 
Item Characteristic 
Antenna beam angle 1. 73 deg 
FM deviation rate 1010 
FM period 10 ­3 sec 
FM maximum deviation 10 MHz 
FM deviation tolerance 1/20,000 
Azimuth scan angle 360 deg 
Elevation scan angle :!60 deg 
Figure V-13 shows the signals required for satellite altitude 
measurements. 
Computations used to derive the parameters in Table V-3 are 
shown in Table V-4. 
2070 Z____ 
x 2000_ _ _ _ _ _ 
>- T 1 0 " SEC 
U 
O 
W 
ON TIME OFF 
Figure V-13 -Transmitted Signals for Satellite Attitude Measurements 
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TABLE V-4 - FACTORS FOR ORBITAL-BASED 
ATTITUDE SENSOR 
It em Value +dbw -dbw 
KT 4 X I0 ~ 1 . .. 204 
BW 107 70 ... 
NF 6.3 8 ... 
S/N 100 20 ... 
10Z
(4T) z 1.57 X zz
 
R Z 
 1.44 x 1016- 162 
1.0 . . . 0G R 

g X 10- 1 6
x Z.5 
NIF 100 . . . 20 
PTG - +288 -224 = 64 dbw 
The product of transmitter power and transmitter antenna gain 
is 
P G KTBF SIN 
(47rR) 2 
TGT GXR NIF 
Let G T = 40 db (10 4), D = 20ft, and beam angle = 1.73 deg. 
Then 
PT = Z4 dbw or Z50 w peak, 
PT average = Z.5 w per FM carrier, 
= 5. 0 w for two FM carriers, 
= 5.0 w per axis, 
= l0 w total. 
(2) Satellite Terminal 
The satellite system as shown in Figure V-14 contains two 
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Figure V-14 - Simplified Block Diagram of Satellite FM Interferorneter 
Receiver and Attitude-Data Transmission 
receivers per each attitude axis and four antennas plus an R F 
link at the 70-70z intermediate frequency. This link couples 
and compares the two outputs to the synchronous detector to ob­
tain the difference frequency as a function of attitude angle. The 
difference frequency is relayed via the indicated data link to the 
ground terminal for computation of the attitude direction cosines. 
Figure V-is identifies the attitude axis for pitch and roll attitude. 
The parameters listed in Table V-5 have been selected to pro­
vide the required sensitivity and accuracy in measurement of 
pitch and roll attitude data. Computations showing the basis for 
parameter selection are given in Table V-3. 
Table V-6 shows the satellite components, except for the data 
link transmitter, with an estimate of the weight power and volume 
for each. The components shown in Figure V-14 are for one atti­
tude channel. Two of each are required. 
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Figure V-15 - Simplified Diagram of Attitude Axis for Pitch and Roll 
TABLE V-5 - PARAMETERS FOR 
SATELLITE-BASED FM
 
ATTITUDE REFERENCE
 
Item Value 
NF 8 db 
BW 10 MHz 
GR 0 db 
NIF = 20db
 
Receiver AGC 
required Yes 
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TABLE V-6 - SATELLITE COMPONENTS 
Item Quantity 
Weight 
(ib) 
Volume 
(cu in.) 
Power 
(w) 
70 MHz amplifier 6 3 72 100 
Antennas 10 4 20 . . . 
Miscellaneous .. 50 . . . 
Total 16 19 142 100 
d. Solar Tracker 
In the reflection of a light ray from a plane surface (mirror), both 
the incident and reflected rays will lie in a plane containing the mir­
ror z axis. The angle of incidence, VI, equals angle of reflection, 
-y2as shown in Figure V-16. For this to be true, a1 = a2 and 
1 =OZ. The cosines of a? and OZ, the angles between the reflected 
ray and the x and y mirror axes, are the direction cosines bf the 
reflected ray. 
Consider unit vectors pointing toward the light source (back along 
the incident ray) and in the direction of the reflected ray. Consider 
also only the direction cosines of these vectors, which are their 
projections onto the x and y axes, since the z component is not of 
interest for this problem. Calling these two sets Cxl Cyl, and 
CX2, Cy Z it may be seen from Figure V-16 that Cxl = -CxZ and 
Cy I = -Cy Z . 
If a solar tracker such as is shown in Figure V-17 is aligned in the 
direction of the sun, a1 and 0i or their equivalent may be measured. 
Similarly, if the direction cosines of the unit vector pointing to the 
ground station are measured and are not the same magnitude as the 
direction cosines of the solar tracker direction (incident ray), then 
the reflected ray is not pointed at the ground station. The differ­
ences between the measured direction cosines may then be employed 
as an error signal to orient the mirror about its x and y axes. 
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Figure V-16 - Mirror Reflection Geometry 
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Figure V-17 - Solar Tracker Geometry and Design 
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Assume the solar tracker is pointed by means of gimbals. If the di­
rection cosines are Cx and Cy, and the outer gimbal axis coincides 
with the x axis of the reflecting disk (Figure V-18), then: 
C = sine 
x 
= Cos j 
C = -sin cos 6V 
= Cos a , 
where $ and 0 are rotations about the outer gimbal x axis and the 
inner gimbal y axis, respectively. An accuracy of one minute of arc 
for the precision solar tracker may be achieved easily. The length 
of the telescope will not exceed 6 in. ; the diameter will be no greater 
than 3 in. The gimbal angles may be read through resolvers or by 
use of digital code wheels calibrated directly in the cosine of the 
angle. If resolvers are used, the mechanization for computing the 
0 
REFERNCE CosE SIN 95 COS 0VOLTAGE (E = E cos a = EC, 
RESOLVER RESOLVER 
SESIN 
10 E COS =EC 
Figure V-18 -Analog Resolver Mechanization for Computing Direction Cosines 
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direction cosines of the sunline will be similar to that shown in Fig­
ure V-18. 
Four nonfocused solar sensors are mounted on the telescope near 
the objective lens. The mounting and shielding of these sensors per­
mits acceptance of only the off-axis sun rays. The sensors then are 
useful to supplement the precision tracker when acquisition of the 
sun is required. In addition, the solar power panels will provide in­
formation during the acquisition phase. 
Note that it has not been necessary to determine or change the yaw 
orientation of the reflector body or its position in space. It is only 
necessary to orient its attitude about the pitch and roll axes of the 
plane surface.
 
e. 	 Security and Immunity froni Countermeasures 
(1) 	 General 
The attitude sensor must be immune to disabling countermeas­
ures. The sensor will be disabled if it provides incorrect atti­
tude signals, resulting in the reflected sunlight being directed 
off the desired ground area or in wasted attitude-control fuel. 
The countermeasures may: (1) block the receivers with an 
overpowering transmitter, (2) cause the control fuel to be dis­
sipated, or (3) capture the spot of light and divert it to enemy 
uses.
 
(Z) 	 Phase Interferometer System 
The interferorrieter may be disabled by a transmitted signal in 
the interferometer receiver bandwidth that is strong enough to 
overload the receiver. A low-power nondirectional beacon on 
the ground is easily over com e by a transmitter of equal power 
with a higher gain antenna. An effective jammer (against a Z5-w 
nondirectional beacon) would consist of a Z5-w transmitter and, 
at ZZ00 MHz, an antenna 1 ft long and Z. 5 in. in diameter. With 
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a 16-db gain and 35-deg beamwidth, this helix or disk-on-rod 
antenna would be lightweight, portable, and could be aimed 
visually with open sights. This is an inexpensive, easily port­
able jammer. 
A jammer has the advantage that it may operate from any loca­
tion on the earth's hemisphere facing the reflector satellite. 
Thus, it is not restricted in power and antenna size for reasons 
of portability. The most attractive radio location schemes re­
quire a ground station in the area to be illuminated. This indi­
cates that a power race between the mobile beacon transriitter 
and the fixed-base jammer would start with a severe handicap 
on the beacon. 
An adaptive antenna array on the reflector satellite can acquire 
the beacon with a broad nondirectional antenna and gradually re­
duce the beamwidth, shutting out all but the desired beacon. 
Even though the beam be focused to I deg, the beam intercept 
on the earth would be 400 to 490 mi in diameter. Beam focusing 
is not an effective counter- countermeasure. 
The use of programmed step-wise frequency increments of the 
beacon with synchronously programmed tracking receivers on 
the orbiting reflector may evade the jamming transmitter part 
of the time. If, for example, the beacon has 10 preset fre­
quencies, the attitude sensor receiver would be jammed only 
10 percent of the time, and this assumes the enemy is 100 per­
cent effective. The complexity, weight, volume, and power 
drain of the ground beacon and orbital reflector receiver would 
be increased to accommodate this frequency versatility. 
The use of varying modulation on the beacon transmitter creates 
a spectral pattern with a correspondingly varying configuration. 
Separate receivers are not needed on each spectral line, but 
separate tracking filters would be required. In accord with a 
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stored program, the tracking filters would be transferred to the 
active spectral lines. The shifting spectral pattern would be 
difficult to jam. 
Detection of an abnormal error rate by the onboard system would 
indicate a jamming signal. Any anomaly in the received signal 
would be interpreted by the onboard equipment as a caution indi­
cator. Either of these indicators would dictate going to inertial 
memory for attitude control or stopping all attitude correction 
control if inertial memory is not available. This would defeat 
the attitude sensor, but the enemy would not see any immediate 
results from his countermeasure attempt and would try a differ­
ent tactic, such as changing frequency. This would permit the 
attitude sensor to function again. 
An automatic communications link from the orbiting reflector to 
the beacon by way of a high-power directional station remotely 
located in a secure rear area can be used for coordination. Thus, 
variations in frequency or modulation could be made without de­
pending on stored synchronous programs. Countermeasure 
alarms from the orbiting reflector would be received at the 
communications base whereupon appropriate evasive counter­
countermeasures would be commanded simultaneously to the 
beacon in the forward area. This concept is shown in Figure 
V-19. 
When the interferometer attitude sensor has acquired and locked 
on the beacon, it can direct one high-gain steerable antenna to 
the beacon for use in a coordinating communications link for ccm 
without necessitating the third terminal. The high-gain antenna 
is necessary to maintain the signal-to-noise ratio with the larger 
bandwidth required for ccm coordination. 
Limitations on the use of the beacon transmitter and the interfer­
ometer receiver for ccmn applications are derived from the fact 
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Figure V-19 - Counter-Countermeasure Link for Coordination 
that the interferometer receiver operates on beacon carrier 
power and any modulation converts carrier power into sideband 
power. Then to maintain the interferometer performance, beacon 
power would need to be increased as modulation was applied. Fur­
thermore, the signal-to-noise ratio is improved for the interfer­
ometer by reducing the servo bandwidth to a minimum. If the in­
formation rates for ccm data transmission and coordination are 
high, a separate, wider-band receiver will be required. With 
increased bandwidth, an additional increase in beacon power 
would be needed, particularly if a ccm information rate is re­
quired that is higher than the attitude information rate. 
(3) The FM Attitude Sensor 
(a) The Ground-Based Transmitter Concept 
This concept has three RF links that are vulnerable to counter­
measures. The reference transmission up to the satellite, the 
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raw data down from the satellite, and the command signals 
up to the satellite are all vulnerable. All that has been 
said concerning interferometer countermeasures applies to 
the FM reference signal. These signals can acquire im­
munity if they are sent only at programmed intervals for 
short periods. Any signals received outside the programmed 
periods would be interpreted as indications of a jamming 
signal and no attitude corrections would be made until the 
jamming signal disappeared. 
The jamming up o transmissions also requires having the 
proper direction of high-gain antennas, matching polariza­
tion and frequency, and a competitive power level. Only 
then can the countermeasure be effective. Even meeting 
these stringent requirements, the jammer must match the 
transmission timing to avoid counter-countermeasures. If 
jamming is detected and no attitude corrections are made, 
the jammer is unaware of his success and would change fre­
quency.
 
The jamming of the down transmission has a distance ad­
vantage approaching 100 db but must work into the sidelobes 
of the upward-pointed directional antenna, which would still 
leave a riet advantage of over 50 db for the jammer. The 
low satellite-transmitter power is easily matched; the cor­
rect timing and frequency may be achieved by receiving the 
down-coming signal and amplifying and modifying it before 
transmitting it as a jamming signal. The best counter­
countermeasure for this would be an omnidirectional antenna 
with a null in the direction of the satellite, thus giving maxi­
mum sensitivity for ground-based jammers to detect the 
jammer and initiate attitude-control shutdown or other reme­
dial action. 
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(b) 	 The Satellite-Based Transmitter Concept 
The down-reference transmission and the up-command trans­
mission will be subject to the same countermeasures as the 
ground-based transmitter concept. The down-reference 
transmission will be more sensitive to countermeasures 
than the down transmission in the previous case, since it 
cannot be coded as readily. The same remedies apply to 
this concept as in the previous case. 
(4) Counter-Countermeasures for Reliable Full-Time Tracking 
If the attitude reference must perform full-time despite counter­
measure jamming transmitters, the reference signals and data 
signals must be protected. The protection must be in some form 
of redundance. 'Multiple transmitting and receiving stations, 
multiple frequencies, high transmitter power, antenna direc­
tivity, and spread spectrum are some elements for tradeoff opti­
mizations. All of these must be evaluated for cost effectiveness 
in fulfilling system requirements in the operational environment. 
f. 	 Dynamic and Static Signal-to-Noise Requirements from the Standpoint 
of'Information Theory 
The 	object was to determine the theoretical minimum signal-to-noise 
ratio that will permit the determination of the direction cosine of a 
ground beacon from a sensor on a moving satellite. The determina­
tion is based on Shannon's mean-power theorem defining the capacity 
of a communications channel, and another law attributed to Shannon 
concerning the information in a message. The study was designed to 
-supply data to influence the selection of antennas and receivers as a 
function of signal-to-noise requirements derived from beacon parame­
ters and propagation considerations. 
Communication channels are considered as message transmission 
media. The message of interest in the attitude reference system is 
the angle to the point on the ground being tracked. It is necessary to 
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define the message or information handling problem in terms of ve­
hicle angular position and motion. The number of binary digits or 
bits required to specify a direction cosine to an accuracy of one part 
in 104 is 
log 2 104n = 
= 15 bits , (V-l) 
with a sign bit increasing the total to 16 bits and the maximum rate 
of information flow being 16 bits per positional determination. As 
the positional information is acquired, the uncertainty concerning the 
relationship between cosine a and time decreases and correspondingly 
the information rate decreases. This follows from Shannon's formula 
for the average information in a message: 
H = -Pi logZ Pi (V-Z) 
In this expression, H is the information content in bits and P. is the 
prior probability of the ith state. Initially, the direction cosine can 
be determined to a limited accuracy from a search procedure. The 
dynamics of the reflector satellite determine the information content 
of the attitude message regarding that vehicle. 
An example may be considered in which the sensor has crude initial 
information on the stationary vehicle's attitude. The observer is 
able to resolve one part in 104 of cosine a and is interested in defin­
ing the attitude to that accuracy. If the initial information is accurate 
to one part in 10 4 , there is no more information required; stated 
otherwise, a message of zero bits information content is required. 
If the initial data are accurate only to one part in 10 3, then the ve­
hicle can occupy any of 10 cells of resolution in space and, if it is 
equally probable that it occupies any one of them, then Pi = 0. 1 and, 
substituting in Equation V-2, it is found that H = 3. 3, the number of 
bits of information required in a message that can define the position. 
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If the initial information is not that good (for example, if the accuracy 
is one part in 10 )thenP. = 0.01, and H = 6.7, and so on. It may be 
appreciated that the observer can acquire a vehicle attitude track and 
as he gains information from tracking, require a lower information 
rate to maintain his track. 
The use of the equally probable distribution of error provides a clear 
illustration of the nature of the problem, but for more realistic eval­
uation of the numbers involved, a normal error distribution in the 
initial information is assumed. In Equation V-2, the information con­
tent was given as a function of Pi and subsequently evaluated as being 
equal to 3.3 bits with equal distribution of error over a range of 10 
parts in 105 of the direction cosine. For a normal error distribution, 
P. can be determined from tabulated data. Tables of the value of the1 
error function sum the probabilities of all states between specified 
intervals. Then 
= 
 L -P 1 [Pt(i) Pt (i- i) (V-3) 
where Pt is the tabulated value. Average values of the tabulated dif­
ferences were used and H of Equation V-2 was evaluated for one sigma 
errors of 10 parts in 104 and I part in 104 of the direction cosine: 
10 parts in 104, H = Z.4 bits; 1 part in 104, H = 0. Z4 bit. 
When the vehicle is in motion, the problem is complcated by the re­
quirement that an attitude fix is required every time the attitude 
moves through one part in 104 of the direction cosine. The question 
arises as to the time rate of information and whether the communica­
tion channel can handle this rate. Shannon's mean-power theorem 
states
 
C = W logz2 + S ) (V-4) 
where C is the capacity of the communication channel in bits per sec­
ond, W is the bandwidth, S is the received signal power, and N is the 
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noise power. It is evident that the answer is tied up in the signal-to­
noise ratio and Equation V-4 can be written 
10 logl 0 N1 = 10 logl0 - - (V-5) 
This relates the minimum signal-to-noise ratio that will permit an 
information rate C through a bandwidth W. An example may be based 
on an initial attitude rate of 0. 001 rad per second. This is equivalent 
to a rate of 104 X 0. 001 or 10 least-significant bits per second. If 
the lcrvalue of error in the initiaily estimated attitude is 10 parts in 
104, the information rate required would be 
N = 10 X Z.4 
= Z4 bits per second 
Using Equation V-5 and a bandwidth of Z cps, 
S 12 
i0 logy = 10 log (2 1) 
= 36 db 
This is the minimum signal-to-noise ratio that will permit the cited 
bit rate through the Z-cps channel. If the signal-to-noise ratio is too 
low, the tracking will initially be less accurate than one part in 104. 
But, as information is acquired, the la error in the knowledge of the 
attitude is reduced and the signal-to-noise ratio requirements are 
relieved. For example, when the l-value is reduced to one part in 
10 4 , the signal-to-noise ratio required is 1. 14 db for the above prob­
lem. This improvement is gained in the acquisition phase. The mini­
mum signal-to-noise ratio has been calculated for other system states 
and is plotted in Figure V-Z0. 
The theorem regarding communication rate is based on the premise 
that the signal is optimumly coded. This is not the case in the para­
sitic tracking of a beacon carrier. The difference between the opti­
mum and the practical has not been evaluated quantitatively. There 
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Figure V-20 - Signal-to-Noise Ratio versus Bandwidth 
are few instances in current practice where the effect of nonoptim-um 
coding has been evaluated, but those few indicate that the deleterious 
eff ect will not bhe in exce ss of a few de cibels. 
The reduction in signal-to-noise ratio requirement with decreasing 
uncertainty indicates a learning capacity on the part of the data proc­
essing equipment. It is to be expected that after acquisition the atti­
tude uncertainty will become vanishingly small to the limit of the de­
sign of the equipment and the dynamics of the attitude deviation of the 
vehicle. 
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The instantaneous static accuracy of an attitude sensor is limited by 
the signal-to-noise ratio at the point of phase measurement. If, for 
example, a phase measuring accuracy of 0. 0Z5 deg rms is required, 
the signal-to-noise ratio at the point of phase measurement is 58. 1 db. 
This is found from the expression, 
E rms = 20 log I Nrad rms 
When the allowable error is expressed in terms of the direction co­
sine, the interferometer equation is used first to find the equivalent 
electrical angular error. If the error in cos a is I X 10 - 4 , then 
Cos a = St 
S 7 
= 2TCosa 
If S = 32k, cos a = 1 X 10 - 4 , then 
E = 0.0201 rad
 
= 1.15 deg . 
The equivalent signal-to-noise ratio is 30. 86 db. This is the required 
signal-to-noise ratio for the static situation. 
In this study, the closed-loop bandwidth was chosen to be 0. 01 Hz in 
the quiescent state. This corresponds to a response time of approxi­
mately 16 sec for a step-function change in attitude. The attitude con­
trol loop requires one attitude fix in three minutes. The attitude ref­
erence is so much faster than the control loop that it need not be con­
sidered in determining the loop response. The disparity in response 
speed may be used to good advantage, e.£., to permit reduction of 
beacon power, improve reliability, or combat enemy countermeasures. 
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